Changes in dosage of part of the genome (aneuploidy) have long been known to produce much more severe phenotypic consequences than changes in the number of whole genomes (ploidy). To examine the basis of these differences, global gene expression in mature leaf tissue for all five trisomies and in diploids, triploids, and tetraploids of Arabidopsis thaliana was studied. The trisomies displayed a greater spread of expression modulation than the ploidy series. In general, expression of genes on the varied chromosome ranged from compensation to dosage effect, whereas genes from the remainder of the genome ranged from no effect to reduced expression approaching the inverse level of chromosomal imbalance (2/3). Genome-wide DNA methylation was examined in each genotype and found to shift most prominently with trisomy 4 but otherwise exhibited little change, indicating that genetic imbalance is generally mechanistically unrelated to DNA methylation. Independent analysis of gene functional classes demonstrated that ribosomal, proteasomal, and gene body methylated genes were less modulated compared with all classes of genes, whereas transcription factors, signal transduction components, and organelle-targeted protein genes were more tightly inversely affected. Comparing transcription factors and their targets in the trisomies and in expression networks revealed considerable discordance, illustrating that altered regulatory stoichiometry is a major contributor to genetic imbalance. Reanalysis of published data on gene expression in disomic yeast and trisomic mouse cells detected similar stoichiometric effects across broad phylogenetic taxa, and indicated that these effects reflect normal gene regulatory processes.
aneuploidy | polyploidy | trisomy | dosage compensation | gene balance hypothesis T he concept of genetic imbalance has been known for nearly a century, and originated from the finding that changing the dosage of individual chromosomes (aneuploidy) has a more detrimental effect on the phenotype than changing the dosage of the entire set of chromosomes (ploidy) (1-3). As molecular genetics developed, the simple assumption emerged that this phenotypic effect resulted from the varied genes showing a dosage effect. This is clearly the case for at least some genes; otherwise, there would be no impact. However, some evidence in maize and Drosophila indicated the presence of global genomewide cascading modulations (4) (5) (6) (7) (8) . By contrast, other studies have assumed that these disruptions of gene expression on numerically unaltered chromosomes in aneuploids are minimal (9, 10) .
The fact that transcription factors and signal transduction components are typically dosage-sensitive (11) (12) (13) (14) (15) , however, would suggest that their targets would be modulated regardless of the chromosomal location of the latter. Indeed, copy-number variants (CNVs) of transcription factors and signaling components often condition clinically recognized disease states in humans (16) (17) (18) .
Studies of experimentally produced chromosomal dosage changes can provide critical data that have implications for genetic control of gene expression and quantitative traits that are influenced by natural quantitative variation for regulatory components.
Furthermore, evolutionary genomics reveals a generalized pattern of selective gene retention after whole-genome duplication (WGD), with genes encoding members of macromolecular complexes, including transcription factors and signaling components, being maintained for longer periods of evolutionary time (19) (20) (21) (22) (23) (24) (25) (26) . Underrepresentation of duplications of the same classes of genes in populations as natural variation indicates a complementary pattern, illustrating that the genomic parameters of balance play out in selection in populations (17, 18, 22, 27) . In other words, when genes involved in macromolecular complexes are out-of-register with their interactors, there are negative fitness consequences. This same evolutionary pattern has occurred in most taxa of eukaryotes, including yeast, protozoa, vertebrates, and especially the plant kingdom (28) (29) (30) . While these evolutionary studies have been expanding in the past decade, there has
Significance
The phenomenon of genetic balance is characterized by the finding that addition or subtraction of a single chromosome to the whole set is more detrimental than altering the dosage of the complete complement. The molecular basis of this principle has not been studied previously in a comprehensive manner. In this study, the set of all five trisomic chromosomes and a ploidy series of diploid, triploid, and tetraploid in Arabidopsis were examined for global gene expression modulations. The results indicate an impact of genomic stoichiometry on the landscape of gene expression, which has implications for how gene expression operates, the evolution of duplicate genes, and the underlying basis of quantitative traits.
been little information about how genomic balance affects gene expression. Arabidopsis is a good model for these types of studies because the evolutionary history of whole-genome duplications has been documented and a complete set of primary trisomies as well as a polyploid series are available for examination.
Results
Trisomies Show a Greater Spread of Modulation than Ploidy. An RNA-sequencing (RNA-seq) study of mature leaf tissue was performed using each of the five trisomies of Arabidopsis thaliana, ecotype Columbia, with comparison with the normal diploid. In concert, a ploidy series of diploid, triploid, and tetraploid was investigated. One approach for examining the expression trends was to produce ratio distributions of experimental and control read counts. This type of analysis provides a topology of narrow-range modulations of mRNA expression that comparisons of individual genes between genotypes do not, because all genes are used to detect trends, including multiple groupings. Normalization was performed using an External RNA Controls Consortium (ERCC) spike-in to total RNA followed by polyA RNA isolation rather than to endogenous gene expression to detect any transacting effects of aneuploidy on global gene expression. Exogenous spike-in to total RNA provides a robust procedure for analysis of global modulations of gene expression (31) . For this type of analysis, read counts were averaged across biological replicates. Ratios between the compared genotypes were generated for every expressed gene and then plotted as a ratio distribution. No relative change in expression is designated by the ratio 1.00. Statistical determinations of deviation of the distributions from normal (SI Appendix, Table S1 ) or to compare two distributions for differences (SI Appendix, Table S2 ) used Kolmogorov-Smirnov (K-S) tests of significance. Bartlett's test was performed to compare variances across groups (SI Appendix, Table S3 ). This approach was further cross-validated by determining significant fold change of individual gene ratios that differ from no change (1.00) in t tests (see Materials and Methods for details) and plotting those values in scatter plots. Further validation came from selected sampling of gene expression differences by quantitative PCR using an external spike-in. Together, this approach provides a highly robust method involving multiple cross-validation to determine both cis and trans effects of aneuploidy and ploidy on gene expression.
The ratio distributions of the primary trisomies show a spread across a landscape of effects with each being distinct, whereas the ploidy comparisons show tighter distributions (Fig. 1) . The patterns for the trisomies are broken into those genes that are present on the varied chromosome (cis) versus those that are in the remainder of the genome (trans). For each trisomy, the distributions comparing cis and trans are clearly different but there is a range in the effects observed. The cis effects show peak groupings between that typical of a dosage effect (∼1.50-fold) and no difference (dosage compensation) (1.00) but also a spread that extends above and below these levels. The greatest peak in cis for trisomies 1 and 4 are closer to dosage compensation than dosage effect. For trisomies 2 and 3, the major cis peak is intermediate. Trisomy 5 shows a close approximation to a generalized dosage effect in cis.
The trans effects in the trisomies also exhibit a wide spread, with the most common trend being a reduced expression in the trisomy compared with the normal diploid, with a ratio of 1.00 being defined as no modulation. The fact that the cis and trans effects are modulated coordinately to some extent (depending on gene functional groups; see below) indicates a common influence of the aneuploid state, in general, on gene expression on both the varied and unvaried chromosomes. Nevertheless, regardless of the global modulations, the cis and trans distributions remain distinct (SI Appendix, Fig. S1 ; t test of means, P < 0.0002; Wilcoxon test, P = 0.008). This generalized observation indicates a minimal level of feedback or buffering effects as the basis of compensated genes, but rather the lack of a significant dosage effect is usually the result of the combination of an increase in gene dosage modulated by a down-regulation (32) . Scatter plots testing the significance of the cis and trans ratios complement the distributions (SI Appendix, Fig. S2 ). Quantitative PCR of specific genes for relative expression levels in selected trisomies and ploidy comparisons was conducted and the results are in agreement with the individual gene placements in the distributions (SI Appendix, Fig. S3 ).
The ratio distributions comparing ploidies of triploid with diploid and tetraploid with diploid show much less spread, and in each case the sharp peak is near 1.00 but in each case slightly below (Fig. 1) . Cell size in a ploidy series of wild-type Arabidopsis is correlated with the number of copies of the genome (33, 34) . The similarity of the shape of the distributions and its center not far removed from 1.00 suggests that the cells increase in size from diploid to triploid to tetraploid, with a correlated change in overall gene expression per cell. The fact that the ploidy distributions are near-normal but the peaks are slightly less than 1.00 might indicate that the assayed genes are diluted in the transcriptome, potentially by slightly nonlinear expression compared with ribosomal RNA (the major component of total RNA to which the exogenous ERCC spike-in was added). If the two higher ploidies were identical to each other but with both being different from the diploid (if the latter is an outlier in the ploidy series), the tetraploid/triploid ratio distribution would approach a normal distribution surrounding 1.00. However, the magnitude of the reduction scales with ploidy, because the tetraploid/triploid ratio distribution has a peak slightly below 1.00 but less so than in the tetraploid/diploid distribution (Fig. 1) .
Nevertheless, any relative differences for expression of proteinencoding genes between ploidies would be reflected in the ratio distributions, and thus there appears to be much fewer such differences across the ploidy series than in the various trisomies. The SDs of the means of the ploidy distributions are uniformly of lesser magnitude than those of the trisomies (SI Appendix, Table  S1 ). Also, the trans distributions for each of the five trisomies were compared with the triploid and tetraploid distributions in K-S tests. These comparisons showed that the probability that they are the same is essentially zero (SI Appendix, Table S2 ). Statistical comparisons of the variances of the trans distributions of the five trisomies with ploidy distributions in Bartlett's tests showed highly significant differences (SI Appendix, Table S3 ), substantiating a greater disruption of gene expression in aneuploidy than in polyploidy. These molecular findings parallel the phenotypic relationships long known in such comparisons (35) .
Trisomies and the ploidy series have some phenotypic and growth differences compared with diploid controls (36) . A further advantage of the ratio-distribution analysis is that it has the power to detect whether there are differences in cell type and developmental gene expression in the experimental genotypes relative to the diploid. If these differences are substantial, the outliers in the distributions (ratios >6.00 and near 0.00) would be heavily populated by cell-and developmentally specific genes. However, examination of the distributions indicates that these outliers are minor contributors to the total, suggesting that this concern is unwarranted for sampling of the leaf tissue. To the extent that such effects do occur, the ratio-distribution approach separates any such effects from the others occurring in the expression landscape. Indeed, we did not observe overrepresentation of cell-and developmental related categories in a Gene Ontology enrichment analysis for biological processes of the outliers (SI Appendix, Table S4 ). Partitioning the genes into arbitrary low, medium, and high expression followed by generating ratio distributions shows that the outliers are predominantly in the lowexpression comparisons. This analysis suggests that small increases or decreases of ratios due to low read counts in the numerator or denominator can shift the ratio out of the central distribution (SI Appendix, Fig. S4 ).
Genes in Different Functional Groups Show Diverse Responses to
Aneuploidy. Genes were partitioned into functional groups to determine whether there were any specific responses to aneuploidy and ploidy. As noted above, evidence from evolutionary genomics indicates a preferential retention following WGD in Arabidopsis of many genes encoding transcription factors, signal transduction components, ribosomal proteins, and the subunits of the proteasome (21, 23, 28 )-all participating in macromolecular complexes. Transcription factors ( Fig. 2 and SI Appendix, Table  S2 ). The distributions for transcription factors for each trisomy are highly significantly different from the distributions for all genes (SI Appendix, Table S2 ).
Genes encoding ribosomal structural proteins ( Fig. 3 and SI Appendix, Fig. S7 ) and the proteasomal proteins (SI Appendix, Fig. S8 ) are much less modulated, indeed much less so than the trend for all genes for all five trisomies, as statistically verified by K-S and Bartlett's tests (SI Appendix, Tables S2 and S3 ). The mRNAs for the structural components of the ribosome constitute ∼3 to 4% of the total pool of mRNAs in this study but are distinct in their reaction to trisomy. In general, they are less inversely affected than all genes, although a small fraction is negatively modulated. Trisomy 2 has a strong positive effect in trans on some ribosomal structural genes, but all five trisomies show a bipartite effect in trans (Fig. 3) . Such imbalance of ribosomal proteins potentially contributes to phenotypic effects (37) . However, because trisomy 2 does not have an unusual ratio distribution for other classes of genes, or for all genes, this The sequencing reads from RNA-seq, analyzed as described in Materials and Methods, were averaged for the biological replicates. For each expressed gene, a ratio of the averaged read counts in the respective experimental (trisomy or ploidy) genotype was made over the read counts in the diploid control. These ratios were plotted in bins of 0.05. The x axis notes the value for each bin, and the y axis notes the number of genes per bin (frequency). For the five trisomies, genes were partitioned into those encoded on the varied chromosome (cis) versus those encoded on the remainder of the genome that were not varied in dosage (trans). A ratio of 1.00 represents no change in the experimental genotype versus the diploid. A ratio of 1.50 represents a gene-dosage effect in cis, whereas 1.00 represents dosage compensation. A ratio of 0.67 represents the inverse ratio of gene expression in trans. These ratio values are demarcated with labeled vertical lines in magenta (1.50) and green (0.67). The triploid and tetraploid ploidy series were analyzed in the same manner for all expressed genes. The vertical demarcations in this case correspond to the respective direct or inverse relationship of the ploidy comparison in magenta and green and red (2.00) and yellow (0.50), respectively. The tetraploid/triploid comparison was generated by producing the respective ratios and plotting the distribution with the direct and inverse relationship depicted with vertical lines in blue (1.33) and orange (0.75). Each comparison is labeled in the respective panel.
response of the mRNAs for ribosomal proteins does not appear to affect the overall analyses. The ribosome and proteasome groupings also show less spread in the distribution in the ploidy comparisons ( Fig. 3 and SI Appendix, Figs. S7 and S8; p ∼ 0, SI Appendix, Table S3 ). Lastly, an analysis of stress-associated genes was performed to test the proposition that aneuploidy might induce genes in that category (38) (SI Appendix, Fig. S9 ). Examination of each trisomy and across all trisomies showed a similar pattern of narrow-range modulations of the stress-associated genes to the total gene distributions. Importantly, however, the stress genes do not populate the outlier peaks to any great extent, indicating that there is no generalized induction of their expression to higher or lower extremes in these types of aneuploids (SI Appendix, Table S4 ). 3 . Ratio distributions of expression of genes encoding the structural components of the ribosome. Analysis was conducted as described in Fig. 1 using only annotations for ribosomal structural proteins as described in Materials and Methods.
For nuclear genes whose products are targeted to the organelles, which must coordinate their own expression with that of the nucleus (39), the chloroplast (Fig. 4 and SI Appendix, Fig.  S10 ), and the mitochondrion (SI Appendix, Fig. S11 ), there are stronger reductions in each trisomy than for all genes (SI Appendix, Table S2 ). The major peak for the genes encoding plastid-targeted proteins in particular closely tracks the inverse level in trisomies 2 to 4, and in 1 and 5 spans the range between the inverse level and no change for the trans expression. The distributions for cis genes with encoded proteins targeted to the chloroplast correspondingly exhibit peaks at dosage compensation for trisomies 2 to 4. The tissue studied here is mature leaves that are actively photosynthesizing and, indeed, this functional class comprises 43% of the diploid mRNA transcriptome. This strongly expressed group of genes is primarily inversely affected. For the peroxisome (SI Appendix, Fig. S11 ), which does not contain DNA and hence no organelle-synthesized components, a similar modulation to that found with other organelles occurred.
DNA Methylation Status in Trisomies. DNA methylation has been reported to be increased across the genome in human trisomic individuals (40) (41) (42) (43) (44) (45) (46) (47) (48) . Methylation states in protein-coding sequences were determined for each Arabidopsis trisomy and compared with the diploid (49) (Materials and Methods and SI Appendix, Table S5 ). In each trisomy, four states of methylation were assessed: unmethylated, mCG methylation in gene bodies, and methylation in mCHG and mCHH nucleotide groups. The largest effect was found for trisomy 4, in which a notable shift between unmethylated and CG gene body methylation to CHH methylation was observed (SI Appendix, Table S5 ). To test whether this change in DNA methylation is related to modulations of gene expression, the genes with an acquired CHH methylation state in trisomy 4 were compared with those with no change, but there was not a dramatic shift in expression to the outlier peaks of the ratio distributions (SI Appendix, Fig. S12 ). Although CHH methylation has been associated with transcriptional repression, especially for transposable elements (50), the unusual association with gene bodies in trisomy 4 observed here does not have an obvious effect on gene expression.
We also determined the expression ratio distributions of unmethylated genes and CG gene body methylated genes for all trisomies. Those with gene body methylation, which as a group generally represent housekeeping genes (49), show distributions with less effect compared with those of unmethylated genes (SI Appendix, Fig. S13 ), which are highly significantly different for all trisomies (SI Appendix, Table S2 ) and have significantly different variances of the distributions compared with unmethylated genes (SI Appendix, Table S3 ). Trisomy distributions of CHH methylated genes were scattered without discernible trends, but this might be due to the low number of genes analyzed (SI Appendix, Fig. S13 ).
Polycomb Complex-Associated Genes. The Polycomb repressive complex has a regulatory role that reduces the expression of associated genes with a genetic behavior that is typically dosagesensitive (51) . Thus, it is of interest to determine whether they are capable of being modulated by trisomy, given that the plurality of effect of the latter is also a reduced expression. There is a spread of modulations but the trend is toward less expression in the aneuploids (SI Appendix, Fig. S14 ), despite the fact that Polycomb-associated genes even in the diploid are in a state of lowered function (51) . Therefore, Polycomb repression does not eliminate the effect of genomic imbalance. The results suggest that the impact of trisomy is independent of the Polycomb complex and is additive.
Genetic Imbalance Causes Discordance Between Transcription Factors
and Their Targets. Selected transcription factors (TFs) and their predicted targets have been defined in expression networks (52) . The Arabidopsis thaliana Regulatory Network (AtRegNet) describes the relationship of TFs and their direct target genes as to whether the targets are induced or repressed by a given TF (52) . We compared the expression of TFs with that of their targets for each trisomy and ploidy change. TFs and their targets that are Fig. 4 . Ratio distributions of expression of genes encoding proteins targeted to the chloroplast. Analysis was conducted as described in Fig. 1 using only annotations for chloroplast-targeted proteins as described in Materials and Methods.
known were examined via ratio distributions in the trisomy data when the TF-encoding genes were on the varied chromosome (SI Appendix, Fig. S15 ). We also analyzed the distributions of TF expression and their targets that are not on the varied chromosome but that are modulated in expression in trans (SI Appendix, Fig. S15 ). These cases would represent those in which the trisomy changes the expression of an unlinked transcription factor, which in turn modulates its targets in a cascade of effects. From these distributions, we used only genes showing a significant differential expression generated by empirical analysis of digital gene expression data in R (edgeR) (53, 54) Table S6 ). Some trisomies show a considerable discordance between the positive or negative effects predicted from the network data and the aneuploidy response when identifying the expression of TFs in cis and their predicted targets. Across all five trisomies there is a range of discordance from 42 to 62% between the TF-target network relationship and the response in trisomy. Of course, the identified targets of transcription factors could be affected by other factors modulated by trisomy from the specific transcription factor examined, and the specified networks are likely to be variable under different conditions. In the whole-genome ploidy series there are few significant effects, because there is a lack of relative change in gene expression, as described above. The comparison of aneuploidy and ploidy illustrates the disruptive "dominant-negative" impact of altered genomic stoichiometry on gene expression when transcription factors or other regulatory molecules are varied in isolation from their interactors.
Impact of Genomic Imbalance in Other Phyla. There have been suggestions in the literature that the modulations across the genome in aneuploids of plants and Drosophila were specific to these taxa (9, 10). However, it seems likely that the kinetics of cellular reactions would be universal. Studies in yeast disomics (55) and selected mouse trisomic cell lines (56) have previously examined gene expression on the genomic level in microarray experiments. The data were analyzed previously by normalizing the expression of genes from the varied chromosome by the unvaried portion of the genome under the assumption that there are no general modulations across the genome. Based on the finding here that the most prominent effect in hyperploidy in trans is a down-modulation, the previous approach would inflate the apparent expression of the varied chromosome in the treated data and obscure to some degree the effects in trans.
We therefore reexamined those data producing ratio distributions of cis and trans genes independently. These data have no exogenous normalization control, so modulations in the same direction from no change will be muted in relation to the strength of the effect and thus stronger biologically than the ratio distributions might indicate (57) . Nevertheless, modulations were detected, with each hyperploid being distinctive (SI Appendix, Figs. S16 and S17). Some aneuploids show little modulation across the genome while others exhibit varying degrees of down-regulation, as expected from different genic content per chromosome and as also found in the present study of Arabidopsis trisomies. Ratio distributions of technical replicates in the yeast study showed little spread from 1.00 (SI Appendix, Fig.  S16 ), illustrating the high quality of the data acquisition. This comparison illustrates that the deviations from normal that occur in the aneuploid/euploid comparisons reflect biological reality, which is supported by high significance in Bartlett's test comparing disomic distributions with those of technical replicates of haploids (SI Appendix, Table S3 ). When modulations in trans are evident, it should be noted that the spread from no change (1.00) is greater for the yeast disomies than for the mouse trisomic cells and for Arabidopsis (this study) and Drosophila trisomies (7, 8) , consistent with the degree of genomic imbalance impacting the magnitude of modulation. The analyses here indicate the commonality of aneuploidy effects on gene expression and their major trends across phyla, and demonstrate the need to reevaluate conclusions from yeast and mammals that rely on the assumption of little to no effect across the genome.
Discussion
The phenomenon of genetic balance has been studied for nearly a century (1, 3) , but the underlying basis remains to be defined. In this study, gene expression on the RNA level was examined in all five trisomies of Arabidopsis, which cover the entire genome, and in a polyploid series of diploid, triploid, and tetraploid using mature leaf tissue. There is a generalized greater spread of modulations in aneuploids than in the ploidy series. The plurality effect in trisomy is a reduced expression, but there is clearly a complicated topology of both increases and decreases compared with the normal diploid control. There are differences in response to aneuploidy depending on gene function, with ribosomal and proteasomal components showing distinct effects compared with transcription factors, signaling components, and organelle-targeted genes, as examples. The functional group with the highest expression in the experimental material, genes encoding plastid-targeted proteins involved in photosynthesis, was primarily inversely affected in the trisomic genotypes.
Throughout eukaryotes there is a generalized correlation between ploidy level and cell size (58-60). Because our normalization involved an exogenous spike-in to total RNA, which correlates with cell size in Arabidopsis (60), the ratio distributions for the ploidy series should be interpreted with the view that there is a greater amount of total RNA per cell with increasing ploidy. Thus, the ploidy series ratio distributions do not reflect the increasing overall transcriptome but instead reveal the relative changes that occur, which were few.
In contrast, extensive anatomical studies of cell size in Datura trisomies did not identify any general trend but some instances of specific cell types that were decreased or increased in size or number (58, 61). As noted above, the ratio-distribution analysis can detect major differences in cell type-specific expression between trisomies and normal, but little evidence for such was found. In various studies, cellular observations of Arabidopsis diploids, tetraploids, hexaploids, and octoploids revealed the canonical increase in size for ploidy (59, 60) but no perceptible cell size differences for any of the five trisomies has been documented compared with the normal diploid (59, 62), providing no evidence for a generalized increase or decrease in total RNA per cell in trisomies. In maize, total ribosomal RNA (the major constituent of total RNA) per DNA was measured in a large number of trisomies and other aneuploidies with no case of altered relative amounts being found (6).
If we consider a scenario in which the total RNA transcriptome is modulated independently of the total mRNA transcriptome size, which in a ploidy series of Arabidopsis does not occur but instead the two correlate more closely with each other than with the genome copy number (60), an increase or decrease in total RNA would produce ratio distributions with uniform deviations from the diploid. However, the ratio-distribution analysis of the trisomies detects significantly different ratios that are split in their response either positively, negatively, or with no change (compare functional groups as gene body methylated genes versus all genes or the split of significant positive and negative ratios within a single functional group, such as the genes encoding ribosomal proteins, among others) that cannot result from a significant disconnect between the total mRNA transcriptome and the total RNA transcriptome having an effect on the analysis. Whereas the plurality peaks in cis and trans track to some degree in all trisomies (SI Appendix, Fig. S1 ), there is a spread in all distributions that indicates this is not due to a discordance between total mRNA and total transcriptome sizes but rather to coordinate modulation of subsets of genes. Moreover, the considerable dissimilarities between aneuploid expression and regulatory networks in trisomies, but not in the ploidy series, further support this conclusion. Given these observations and the lack of evidence for any consistent cell-size change, we believe the analysis is an accurate reflection of the types of modulations occurring in the Arabidopsis trisomies.
Studies of gene expression in aneuploids have come to different conclusions about the prevalence of dosage effects or compensation of the varied genes (57) . These determinations are complicated by the narrow range of expression difference, normalization procedures, the criteria of classification for dosage effect or compensation, and the tendency to view compensation necessarily as a chromosome-wide effect. Our data show evidence for a range of effects that in some cases exceeds the limits of dosage effect or compensation. Critically, there are widespread changes of gene expression across the whole genome, with decreased expression being the most prominent modulation caused by hyperploidy.
Several previous studies found increased DNA methylation in human trisomy 21 individuals as well as for trisomies 13 and 18 (40-48) , and methylation might play a role in genome expression dominance in allopolyploids (63) . In this Arabidopsis study, a few genes shift methylation status between genotypes, particularly for trisomy 4, indicating that trisomy can affect the methylation status in the genome. However, there is not a generalized effect of aneuploidy on gene body methylation. With regard to gene expression, the trisomy response of genes with gene body methylation is less than genes that are unmethylated.
Although presaged by phenotypic data showing a predominance of reduced expression in segmental trisomies in the classical genetics literature (64), the plurality finding that hyperploidy reduces gene expression is counterintuitive to the generally accepted view that gene expression in eukaryotes operates predominantly positively, which is supported by transcription factor/target gene network data. However, the results obtained here follow the predictions of kinetic considerations of how macromolecular complexes, typically involved in gene expression, assemble (65) (66) (67) (68) (69) . When changing the stoichiometry of different types of bridge subunits relative to others, the assembly of the whole is compromised. Of particular interest for the present study would be increased relative bridge subunit concentration, which might occur in trisomies if the bridge molecule is increased in expression relative to others in the complex. The altered stoichiometry could arise from a gene-dosage effect of the varied chromosome or from trans modulation, depending on the specific circumstances. However, regardless of the modulation in the cell, the cis and trans expression shows an altered stoichiometry (SI Appendix, Fig. S1 ). In essence, the system operates as a multilocus dominant negative on gene expression. There are many nonlinear steps between varying the dosage of a gene and the steady-state level of its product. However, those cases that approximate such a relationship would be reflected in the observed results comparing aneuploidy and polyploidy as described here.
The data are consistent with the concept that gene regulatory processes follow the same principles of genetic balance that have been known on the phenotypic level for most eukaryotic organisms and thus are the ultimate underlying basis of these organismal effects (5) . When dosage-sensitive transcription factors are varied, they modulate their targets. Of course, the effects will be modified by differential rates of synthesis and degradation of RNA and their encoded proteins, among other considerations of cellular metabolism and homeostasis (69, 70) . Dosage sensitivity has been correlated with intrinsically disordered domains in proteins that facilitate multiple interactions, including for transcriptional and signaling proteins (71, 72) . The mRNA and protein levels of these dosage-sensitive genes in general have tighter relationships than other functional classes (71, 72) . Indeed, the comparison of the hyperploids with the whole-genome ploidy series, where there is less modulation, suggests that the change in quantity of some transcription factors and signaling components in isolation of the remainder of the genome can impact target gene expression. A transcription factor can be modulated in trans and in turn can modulate its target genes in trans, forming a cascade of effects across the genome.
Using databases that have connected transcription factors with their targets and comparing those patterns with the response in trisomy demonstrate a large portion with discordance, although these determinations are complicated by the fact that multiple regulatory factors could be modulated by the whole-chromosome trisomy. This is illustrated by comparing the expression distributions of transcription factors and their targets, which show considerable departure from those expected from network data, although the trisomic effects include many such pairings that are, in fact, concordant. Indeed, a mixed spectrum would be expected if the interaction context of any particular quantitative change of a TF is disruptive or not. As noted above, TFs are also regularly modulated in trans by trisomy and in turn affect their target genes, illustrating the complicated, connected effects that occur in aneuploidy.
The stoichiometric impact of transcription factors as a reflection of the kinetics of gene expression suggests that the responses seen in aneuploidy should be generally conserved among various organisms. Previous results in Drosophila trisomies (7, 8, (73) (74) (75) indicate global modulations across the genome with a spread of effects but with a predominant reduced expression for many genes. The effects could potentially be more pronounced in Drosophila because there is no readily discernible WGD in its evolutionary history (76) , whereas the other taxa examined, including yeast and vertebrates, all have them in their ancestry (19, 22, 25, 29) . Residual regulatory gene duplication might ameliorate the effective imbalance in those cases, as is known phenotypically for aneuploids in higher ploidy species (77) . Reexamination of data from yeast (55) and mouse cell (56) hyperploids indicates a similar response to that observed in Arabidopsis, illustrating the commonality of this effect across taxa, which is also found in the literature for humans (78) (79) (80) .
The generalized effect across phyla has implications for sexchromosome evolution, which often results in a karyotype that on the surface resembles aneuploidy. The newly evolved sex chromosomes must accommodate and counteract the trans effects of regulatory mechanisms or maintain the dosage-sensitive regulators on the diverging homologs (81, 82) . In mammals and birds, dosage-sensitive regulatory genes have been maintained on the homologs destined to become sex chromosomes (81, 82) as one means to prevent the global types of disruptions of expression noted in the aneuploids in this study. This conservation based on gene function parallels the retention of similar classes of genes following WGD across many taxa (28, 29) and illustrates the selective pressure to maintain the stoichiometry of regulatory mechanisms. Furthermore, X-linked dosage-sensitive genes involved in large protein complexes in mammals often escape X inactivation as a means of coordinating their levels with autosomal components (83) . Nevertheless, imbalanced sex-chromosome genotypes in humans exhibit expression modulations across the genome (80) .
Cancer cells are typically highly aneuploid. The stoichiometry of the gene regulatory machinery likely leads to complex and extensive modulations of gene expression that can affect the viability and growth characteristics of the cells. A study of karyotypes of a large number of cancer cell lines shows that the X chromosome and the larger autosomes regularly evolve to a particular genomic balance (84) . The application of stoichiometric considerations to an understanding of cancer cells is suggested by our study.
The effects of these experimental changes in gene dosage indicate that natural variation in the quantity of individual transcription factors and signaling components would contribute to an intricate web of stoichiometric determinants of multigenic quantitative traits (6, 11, 37, 68) . Copy-number variation on the individual regulatory gene level is suggested by our study to influence gene expression across the genome and contribute to quantitative trait variation. Just as multiple trisomies can influence overlapping sets of target genes, CNVs are suggested to do so as well and contribute to a complex, interacting, and nonlinear control of quantitative characters in eukaryotes. Our results not only illustrate the complicated spectrum of gene expression changes in aneuploidy but also have implications for how the regulatory stoichiometry influences genetic traits in general.
Materials and Methods
Production of Primary Trisomies. To screen for primary trisomies of all five chromosomes of A. thaliana (2n = 10), we used a set of related transgenic lines (derived from the A.J.M.M. and M.M. laboratory strain of A. thaliana ecotype Col-0) in which each respective chromosome is marked with a fluorescent tag (85, 86) . Diploid and tetraploid plants (produced by colchicine treatment) from each tagged line were crossed to generate triploid progeny. Seeds of the diploid and tetraploid fluorescence-tagged lines are deposited in the Arabidopsis Biological Resource Center, Ohio State University under ABRC nos. CS71713 to CS71722 and are available also upon request from the A.J.M.M. and M.M. laboratory. The triploids were allowed to self-fertilize, resulting in a swarm of aneuploids in the progeny population (87) . Primary trisomies were identified by screening root nuclei of seedlings for three fluorescent dots (63× objective on a Zeiss Axioplan or Leica TCS LSI-III microscope), indicating the presence of three copies of a specific tagged chromosome. These plants, which could be either trisomic for the fluorescence-tagged chromosome, triploids, or more complex aneuploids (87) , were saved and grown to maturity in soil. Three rosette-leaf samples were collected, frozen in liquid nitrogen, and stored at −80°C. Upon flowering, immature pistils were harvested and used to prepare and count metaphase chromosomes as described previously (87) . Only plants containing 11 chromosomes, indicating a trisomic state, were retained for further analysis. One leaf sample was used to prepare DNA for comparative genome hybridization (87) to confirm a specific trisomic condition and overall genome integrity. The other two leaf samples were used to prepare RNA and DNA for transcriptome and DNA methylome analysis, respectively. The chromosome constitutions of diploid, triploid, and tetraploid plants used in the transcriptome and methylome analysis were confirmed in the same manner.
Nucleic Acid Isolation. Total RNA was isolated from rosette leaves using a Plant Total RNA Miniprep Purification Kit and RNA lysis solution B (GeneMark). Total DNA was isolated from rosette leaves using a Wizard Genomic DNA Purification Kit (Promega).
qRT-PCR. Total RNAs were treated with RQ1 DNase (Promega) according to the manufacturer's instructions. cDNA was synthesized using the Transcriptor First Strand cDNA Synthesis Kit (Roche) following the manufacturer's protocol using an oligonucleotide d(T) primer and 600 ng of total RNA containing 2 μL 100× diluted ExFold ERCC controls (Life Technologies) as an internal control. Quantitative RT-PCR was performed using a 7500 Real-Time PCR System (Applied Biosystems) with the program recommended by the manufacturer using 1 μL cDNA as a PCR template and SYBR Green PCR Master Mix (Applied Biosystems). At least three technical replicates were carried out for each sample. Error bars indicate SE. Primer sets are shown in SI Appendix, Table S7 .
Whole-Genome Bisulfite Sequencing. Genomic DNA (100 ng) was sheared into fragments of 100 to 300 bp with a Bioruptor (Diagenode). Fragmented DNA was end-repaired, A-tailed, and ligated with premethylated adaptors. After size selection, adaptor-ligated DNA was treated with sodium bisulfite using a MethylCode Bisulfite Conversion Kit (Invitrogen) according to the manufacturer's protocol. Bisulfite-converted DNA was amplified by PCR and sequenced with Illumina NextSeq 500 sequencers using the paired-end 150-cycle protocol.
RNA-Seq Library Construction. Total RNA was quantified using the Qubit RNA BR Assay Kit (Invitrogen). Four micrograms of total RNA was spiked with ERCC ExFold RNA Spike-In Mixes (Thermo Fisher Scientific) according to the manufacturer's protocol. RNA from diploid samples was spiked with Mix1 and others were spiked with Mix2. Spiked total RNA was used for library construction with a TruSeq Stranded RNA-Seq Library Prep Kit (Illumina). Briefly, polyA RNA was selected with oligo-dT beads. The first-strand cDNA was synthesized with reverse transcriptase, dNTP mix, and random primers. The second-strand cDNA was synthesized with dUTP mix. After end repair and A tailing, the DNA fragments were ligated with adaptors. After PCR amplification, the libraries were sequenced with Illumina HiSeq 2000 sequencers using the paired-end 100-cycle protocol. There were three biological replicates for the diploid and tetraploid and two biological replicates for the triploid and each of the five trisomic samples.
The traditional procedure to measure gene expression is calculating RPKMs (reads per kilobase per million mapped reads) for single-end RNA-seq or FPKMs (fragments per kilobase per million mapped reads) for paired-end RNA-seq. Because the DNA copy number is different in each aneuploid sample, RPKMs or FPKMs might be biased. To create a standard baseline measurement of gene expression, we added ERCC ExFold RNA Spike-In Mixes (Thermo Fisher Scientific), which are preformulated sets of 92 polyadenylated transcripts, to total RNA before polyA selection. Therefore, the exogenous RNA standards undergo all library construction steps, and reflect the performance of endogenous transcripts more closely.
After sequencing, mRNA reads were aligned to both the Arabidopsis reference genome TAIR10 (The Arabidopsis Information Resource no. 10) and ERCC sequences using TopHat2 (88) , and the raw read counts (the number of reads mapped to the reference genome) were generated using Cuffdiff, which estimates the number of fragments that originated from each transcript (89) . Meanwhile, the read counts mapped to ERCC sequences for all samples were generated. Then, the read counts of genes were normalized to generate a normalized count per million table using ERCC counts as a size factor via edgeR (53) .
Statistical Analysis. P values of normality check were generated by the Anderson-Darling test, Cramer-von Mises test, or Lilliefors test (SI Appendix, Table S1 ). P values used for similarity determinations between two ratio distributions were performed by the Kolmogorov-Smirnov test (SI Appendix, Table S2 ). χ 2 goodness-of-fit tests were performed to examine if the number of genes with one category of methylation (e.g., gbM) in the diploid is significantly different from that in tetraploid, triploid, or trisomies (SI Appendix, Table S8 ). Bartlett's test was performed to test if variances of distributions (with outliers-ratio >6 or <1/6-excluded) are equal across different groups (SI Appendix, Table S3 ).
Methylation Analysis. For the methylation analysis, the methods described (49) were followed. In brief, the bisulfite sequencing data were filtered by requiring at least three reads of coverage at each cytosine. Filtered sites were then mapped against the Arabidopsis reference genome TAIR10 (https://www.arabidopsis.org/download/, October 26, 2017). Only reads mapped to the coding sequences of the primary transcript were retained (SI Appendix, Table S9 ). Methylation rates of mCG(gbM), mCHG, or mCHH for each gene were computed. Genes with no reads after filtering were classified as unknown. Afterward, a binomial test was applied to each gene for each sequence context, and q values were calculated by adjusting P values by the Benjamini-Hochberg false discovery rate (FDR). We classified genes into mCG(gbM), mCHG, or mCHH according to the criteria as described (49) .
Ratio Distribution and Scatter Plots. For generating ratio distributions, we filtered out genes with 0 read counts when combining experimental and control. Means of normalized counts of biological replicates of each treatment group (trisomy 1 to 5, triploid, or tetraploid, respectively) and the control group (diploid) were computed. The ratio was generated by dividing the mean of treatment counts by the mean of control counts. Then, ratiodistribution plots were generated with the ggplot2 package in the R program (90) . The x axis of the plot demonstrates the ratio of treatment to control, whereas the y axis shows the number of genes per bin.
Student's t test was performed to test for the significance of whether the mean log 2 ratio of each treatment group (trisomy 1 to 5, triploid, or tetraploid, respectively) to the mean log 2 control group (diploid) differed from 1.00. Genes with less than or equal to five counts when combining experimental counts and control were filtered out. The test of significance of ratios was performed by averaging the diploid control and producing a ratio with each biological replicate of the experimental values. Each biological replicate of the treatment was used to produce ratios with the mean of the control. These two sets of log-transformed ratios with base 2 were then compared in the t test. The log of the ratio with base 2 of treatment to the control was plotted on the x axis, while the sum of normalized counts of the treatment and control group was plotted on the y axis. Data points with a P value <0.05 and a corresponding log ratio >0 were depicted in red, while points with a P value <0.05 and a corresponding log ratio <0 were depicted in green. Otherwise they were designated in black.
Gene lists used for the generation of ratio distributions and scatter plots were collected from various resources. For Fig. 1 and SI Appendix, Fig. S2 , ratios of all genes were plotted by mapping mRNA reads to the Arabidopsis reference genome TAIR10. For SI Appendix, Fig. S4 , the mean of ERCCnormalized counts from diploid plants was computed to determine the relative expression level of genes. We defined genes with ERCC-normalized counts <1 as lowly expressed genes, those with ERCC-normalized counts within the range of 1 to 100 as moderately expressed genes, and those with counts >100 as highly expressed genes (91). For Fig. 2 and SI Appendix, Fig.  S5 , the list of transcription factors was obtained from PlantTFDB 4.0 (92) . Lists of stress-related, signal transduction, proteasome, and ribosomal genes were retrieved from the Arabidopsis reference genome TAIR10 based on their gene annotation. The lists of chloroplast-, mitochondrial, and peroxisomal targeted genes were derived from a published study (93) . Determination of mCG(gbM), mCHG, or mCHH status was from the methylation analysis in the present study. The list of genes associated with Polycomb in Arabidopsis was from a published study (51) . The list of transcription factors and their targets was from AtTFDB (52, 92) . Microarray data from Torres et al. (55) were used for the yeast analysis, and data from Williams et al. (56) were used for the murine analysis.
Transcription Factor Regulation Network Analysis. The interaction reference data between transcription factors and their target genes were downloaded from AtRegNet, which contains 6,157 predicted and experimentally verified interactions (activation/repression) (52) . For each trisomy, we generated a list of genes whose ratios are significantly altered compared with the diploid (generated by edgeR for differential gene expression analysis, P value <0.05) from our dataset (SI Appendix, Table S10 ). Ratio threshold of transcription factors and target genes in cis is defined as 1.5, whereas that of genes in trans is defined as 1.00. Using the list of statistically significant genes, the following categories were partitioned. If the ratio of a transcription factor is less than the ratio threshold (1.5 or 1, accordingly), and that of its target gene is more than the threshold, then the relationship is defined as "repression." By contrast, if the ratio of its target gene is less than the threshold, then the relationship is defined as "activation." Additionally, if the ratio of a transcription factor is over the threshold and that of its target gene is also over the threshold, we define the relationship as activation. If the ratio of the target gene is less than the threshold, the relationship is defined as repression. In this way, the relationship between transcription factors and their target genes is noted by their known relationship in the AtRegNet database (reference activation/reference repression) and from the analyses of our data (data activation/data repression).
Gene Ontology Enrichment Analysis. Gene Ontology enrichment analysis was performed using the PANTHER Overrepresentation Test tool via Fisher's exact test with FDR multiple-test correction (94) . Categories with FDR <0.05 were defined as statistically significant and are displayed in SI Appendix, Table S4 .
Data and Material Availability. All sequencing data were deposited at the Gene Expression Omnibus (GEO) repository under the accession number GSE79676 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=wpqjcackvdaxvcz& acc=GSE79676). Seeds of the diploid and tetraploid fluorescence-tagged lines are deposited in the Arabidopsis Biological Resource Center, Ohio State University.
